 Low Frequency Ultrawideband Bistatic Synthetic Aperture Radar (LF UWB BSAR) can produce the higher resolution image and obtain the added information of scenes. In the paper, a vehicle experiment of the LF UWB BSAR is described and the result is proposed. This BSAR system has a LF UWB SAR system as the vehicle-based transmitter and the other LF UWB radar system as a ground-based receiver. In August 2015, the vehicle experiment was conducted in Changsha in China, and the LF UWB BSAR raw data was collected. The aim was to investigate the imaging property of the LF UWB BSAR system. 1-PPS signal in combination with the Global Position System (GPS) disciplined 100MHz oscillator from GPS receivers were used to implement the time/frequency synchronization of LF UWB BSAR systems. Bistatic image was obtained using the subaperture spectrum equilibrium method integrated with the Fast Factorized Back Projection (FFBP) algorithm. Excellent results prove the validity of the vehicle experiment of the LF UWB BSAR.
I. INTRODUCTION
Recent years, many remote sensing and geoscience applications are developed on the synthetic aperture radar (SAR) [1] - [6] . Bistatic SAR (BSAR) systems were built by several countries in both military and civilian fields, and some well experiment results were obtained [7] - [9] .
Compared with the monostatic SAR, the BSAR has the complex configurations because it can be designed and deployed flexibly to satisfy the different applications [10] . For the same scene, BSAR has the greater anti-jamming ability than the monostatic case. If BSAR system includes more than one receivers or transmitters, the imaging scene can be illuminated at different angles, which can acquire the added information of scenes. One-stationary BSAR (OS-BSAR) is an azimuth variant BSAR system [11] , [12] , which has a moving transmitter or receiver and a stationary receiver or transmitter fixed at a high position. OS-BSAR not only inherits the advantages of the general BSAR, but also is easy to implement imaging, thus it has attracted the much attention. Low Frequency Ultrawideband (LF UWB) SAR system operates in the LF UWB signal with a large fractional bandwidth and the wide antenna beamwidth associated with a large integration angle, so it can provide the higher resolution SAR image [13] - [15] . Hence, it is a significant advantage that the OS-BSAR operates in LF UWB modes. Some countries conducted LF UWB BSAR experiments, and several results were obtained [9] , [16] , [17] .
However, the LF UWB OS-BSAR experiment poses various challenges, such as the synchronization between transmitter and receiver, position measurement of radars, polarimetric calibration, collection geometry planning, and data processing. Most important challenge is the successful operation of the LF UWB OS-BSAR. To test the imaging property of the LF UWB OS-BSAR system, we conducted a programme of upgrades to add a bistatic collection ability to the monostatic LF UWB SAR system. The paper presents a developed LF UWB OS-BSAR system with the vehicle-based transmitter and groundbased receiver, experimental campaign, data processing and experimental results. In Section II, the development of the LF UWB OS-BSAR system is given, focusing on the collection ability of the LF UWB OS-BSAR data. The LF UWB OS-BSAR experiment and data processing are discussed in Section III. The experimental results are presented in Section IV. Section V gives a conclusion.
II. DEVELOPMENT OF LF UWB OS-BSAR SYSTEM
In 2011, a programme of the upgrades to add a bistatic collection ability to the monostatic SAR was commenced by National University of Defense Technology (NUDT), which is developed using the hardware and software of two monostatic LF UWB SAR systems operating at P band with the fractional bandwidth of about 0.25 [5] . A proof-of-concept of the LF UWB OS-BSAR experiment was performed in 2014. In August 2015, the vehicle experiment was conducted in campus in Changsha, China.
A. Transmitting and Receiving Systems
Vehicle-based LF UWB transmitting system transmits the P band chirp signal to a region in the strip map mode, and then the ground-based LF UWB receiving system illuminates the same region and receives the scattered data of the scene. Fig. 1 gives the vehicle-based LF UWB transmitting system, which is integrated onboard vehicle ( Fig. 1(a) ) and fixed on its carriage ( Fig. 1(b) ). The caliber coupling multilayer patch antennas for transmitting the radar signal is fixed on the roof the vehicle. Transmitting antenna has a 3 dB azimuth beamwidth from 30° to 55° and a 3 dB elevation beamwidth from 70° to 90°, with the gain 10dB. One Pulse Per Second (1PPS) signal from the GPS receiver is transferred into the center controller to control the timing reference of this system, and then the GPS synchronization module provides the coherence frequency reference for this system, and it is used to drive a frequency synthesizer to produce various clock signals for different parts of this system. Under the control of the center controller, the wave generator generates the P band chirp signal. And then, it is modulated into the radio frequency signal, attenuated by the adjustable attenuator and amplified by the power amplifier. At last, it is transmitted by the transmitting antenna. In addition, the vehicle-based transmitting system position is got by GPS motion compensation module to offer the precise motion compensation. Fig. 2 gives the ground-based LF UWB receiving system, which is placed on the step in the west of the square, with the receiving antenna mounted on the top of a tripod ( Fig. 2(a) ). In Fig. 2 , the receiving antenna receives the scattered data of the scene. It is transferred into the low noise amplifier, down-converted into the intermediate frequency signal, filtered and amplified by the power amplifier, and demodulated into the in-phase signal and quadrature signal. Then, the demodulated signals are sampled by the high-speed sampler, converted by the analogue-to-digital converter, and then recorded on the solid state electronic array and fed to the personal computer. Similarly, for the receiving system, the 1PPS signal from the GPS receiver is transferred into the center controller to control the timing reference of this system, and the GPS synchronization module provides the coherence frequency reference for this system, and it is used to drive a frequency synthesizer to produce various clock signals for different parts of this system. 
B. Time and Frequency Synchronization
To achieve the time and frequency synchronization between vehicle-based transmitting system and groundbased receiver system, the GPS receivers have been used as the reference clock and trigger generators. 1PPS signal from the GPS receivers is an accessible common trigger useful for the bistatic requirement, which can solve the timing synchronization problem. Before the experimental campaign, we thoroughly investigated and measured the 1-PPS deviations between GPS receivers. The measured results showed that, after about 20 minutes warm up period, two independent GPS systems have a maximum drift of only 30ns between the 1-PPS signals during 15 minutes of measurements, and thus this time deviation is acceptable for our application. Based on measured results, we decided to synchronize the developed LF UWB OS-BSAR system through this common trigger.
Some GPS receivers offer a 100MHz reference clock synchronized to 1-PPS signal. Such a type of the GPS disciplined oscillator is used as the system reference clock and is a solution for the frequency synchronization issue. The Voltage-Controlled Oscillator (VCO) generates the standard sine signal. After the amplification and frequency conversion, it is transferred to a phase detector, and it is phase detected by the 1PPS signal. The phase error from the phase detector is used to discipline the VCO, and the output signal from them in turn stabilizes the VCO by the digital phase-locked loop. VCO produces the coherent reference signals in two radar systems, and then are used to drive a frequency synthesizer to produce various system signals in each system.
In conclusion, 1-PPS signal in combination with the GPS disciplined 100MHz oscillator allow the vehiclebased transmitting and ground-based receiving systems to become coherent and synchronized.
III. VEHICLE EXPERIMENT OF LF UWB OS-BSAR

A. Vehicle Experiment
In August 2015, the vehicle experiment of the LF UWB OS-BSAR was conducted in campus in Changsha, China. The aim of this experiment was to test the imaging property of the developed LF UWB OS-BSAR system and the validity of the data processing. Fig. 3 shows the imaging geometry and optical image of the imaging scene. In Fig. 3(a) , ground-based receiving system was placed on the step in the west of the square, with the receiving antenna mounted on the roof of a tripod. Vehicle-based transmitting system was integrated onboard a vehicle, and the transmitting antenna is mounted at the roof of the vehicle. The dashed line is the ideal track of the vehicle, and the solid curve is its actual track. The vehicle-based transmitting antenna illuminates imaging scene including several targets, and the ground-based receiving antenna receives the bistatic HH polarisable scattered data.
The parameters of the LF UWB OS-BSAR system is listed in Table I . Vehicle moves along Y axis direction with the speed about 3.5m/s, and the scene scattered signal is collected from a wide variety of the azimuth look direction. The initial positions of vehicle-based transmitting antenna is about (0, 0, 4)m at the zeros time, while the position of the ground-based receiving antenna is about (-21, 49.6, 6)m. The scene lies in a line-of-sight of the ground-based receiving antenna, and thus the constrained operation of this LF UWB OS-BSAR system to imaging scene is only a few decameter from the tripod. To collect data over a range of the incidence angles, the distance of scene center was varied: the typical distance ranged from 35 to 55m, which produces the incidence angle of the vehicle-based transmitting antenna from 80.3° to 80.8°, and the incidence angle of ground-based receiving antenna from 85.91° to 86.9°. Finally, one data site was selected for the data processing: scene was a flat area, and scene center was approximately 66m from the tripod. The scene size was about 50m in the X axis and 80m in the Y axis, respectively. 
B. Data Processing
LF UWB OS-BSAR system operates in the P band and has the wide antenna beamwidth associated with a large wide integration angle, so there are several difficulties in the data processing, i.e., huge amount of scattered data, serious range-azimuth coupling, large and spatial-variant range cell migration, and the complex motion errors. The Fast Factorized Back Projection (FFBP) algorithm [18] and the Modified Nonlinear Chirp Scaling (MNLCS) algorithm [19] are used for the data processing of the LF UWB OS-BSAR data, which are corresponding to the time-domain algorithm and frequency-domain algorithm. And, the motion compensation method based on the GPS data and parameters estimation is used to remove the influence of the platform's motion errors. Imaging results of the data show that, compared with the MNLCS algorithm, the FFBP algorithm has better performance in the accurate imaging under the complex bistatic geometry, and could achieve the larger focused scene and the smaller image geometry distortion. Thus, in the following, the LF UWB OS-BSAR image is obtained using the FFBP algorithm.
Besides, there is a strong Radio Frequency Interference (RFI) saturated by the ground-based receiving system working in the P band. The influence of RFI signals may be extremely significant since their power is much higher than the reflected power of the LF UWB OS-BSAR. To remove its influence, a subaperture spectrum equilibrium method [20] integrated with a FFBP method is used in the data processing. In addition, there may be a time error of the scattered data caused by the uncertain time delay in the LF UWB OS-BSAR system, which can be corrected using the direct waveform from the vehicle-based transmitting antenna to ground-based receiving antenna.
Finally, before the RFI suppression is performed, the data of the LF UWB OS-BSAR (including the GPS data) should be preprocessed. First, the GPS data should be upsampled and filtered, and then transferred into the Cartesian coordinate system to obtain the local position of the vehicle-based antenna. Then, the scattered data of the illuminated scene should be downsampled and filtered. Fig. 4 gives the bistatic scattered data of the scene in the time-domain and frequency-domain. Form Fig. 4(a) , the real (blue line) and imaginary components (red line) of the bistatic scattered data is very complicated due to the complicated bistatic geometry. Besides, it can be seen that the scattered data of targets in the frequency domain, since the targets are deployed at the flat and open square, their scattered data is very strong. Fig. 5 shows the LF UWB OS-BSAR image obtained by the FFBP method, which is shown that the scene is well focused. Besides, it can be seen only a small part of the bistatic image appears well illuminated. Because the ground-based receiving antenna results in the narrow antenna footprint, which may produce the rapid roll-off of brightness towards the lateral edges of the bistatic image. First, it is seen that the focused quality of the metallic reflectors in the red rectangle will become bad compared with the monostatic case, due to the lower resolution of the LF UWB OS-BSAR system. Besides, the relative scattered power of the metallic cylinder (as well as the metallic mast) in the yellow ellipse will become strong compared with the monostatic case, due to the isotropic scattering of the metallic cylinder. Finally, we find that only a metallic sphere in the white circle in Fig. 5 is seen. The reason is that some targets in the white circle aren't illuminated by the ground-based receiving antenna.
IV. EXPERIMENTAL RESULTS
In order to quantitatively evaluate the focusing quality of the LF UWB OS-BSAR image in Fig. 5 , the amplitude profiles of the imaging result of one metallic reflector in the X and Y axes are extracted from Fig. 5 . Moreover, the resolutions of the selected focused metallic reflector in the X and Y axes are measured based on the width of the amplitude profiles at -3dB. The measured resolutions of the selected metallic reflector in the X and Y axes are 1.71m and 0.33m, respectively. 
V. CONCLUSION
Vehicle experiment the LF UWB OS-BSAR system operating in P-band was performed using a LF UWB SAR system as the vehicle-based transmitter and the other LF UWB radar system as the ground-based receiver. After the processing of the acquired bistatic data, the high quality BSAR image was obtained, which validates the imaging property of the LF UWB OS-BSAR system. A more extensive of the LF UWB BSAR experiments with different operation modes will be carried out in the future. 
